Background: PAM50 is a 50-gene test that is designed to identify intrinsic breast cancer subtypes and generate a Risk of Recurrence (ROR) score. It has been developed to be carried out in qualified routine hospital pathology laboratories.
treated with adjuvant endocrine therapy varies greatly [1, R2] , although outcomes among estrogen receptor (ER)-positive, HER2-negative patients and among HER2-positive patients have significantly improved in recent decades due to the clinical benefit of adjuvant endocrine [3, R4] and trastuzumab [R5, R6] treatments in biomarker-defined subgroups.
In contrast, validated predictive markers concerning adjuvant cytotoxic treatment are still lacking in ER-positive, HER2-negative disease [R7], a group among whom the majority of patients may not individually benefit at all [8] .
Because absolute benefits between treatment and control groups in trials are largest in subgroups with higher underlying risk, many clinicians base their adjuvant treatment recommendations on the overall risk of recurrence (ROR) [9] , making risk assignments a high priority for clinical breast cancer research. In treatment situations where the overall relapse risk is low, absolute chemotherapy benefits will be small to the point where most physicians consider it safe to avoid adjuvant chemotherapy with all its side-effects. Avoiding unnecessary chemotherapy can also save considerable amounts of health care spending [10] .
Tumor size, grade, and nodal status are currently used for risk assessment and decisions about whether adjuvant chemotherapy will be added to endocrine treatment [11] . Recently, multigene expression assays have been developed to achieve a more accurate assessment of prognosis and prediction of therapeutic benefit.
As a second-generation multigene expression assay, the PAM50 test (50 discriminator genes + 8 controls) was developed to identify intrinsic breast cancer subtypes [luminal A (LumA)/ B (LumB), HER2-enriched, basal-like] [R2, 12, 13, R14, 15] , which reflect the underlying biology associated with ER and HER2 pathways, and in addition includes proliferation genes and markers of the basal phenotype. The terminology of intrinsic subtypes was adopted by the 2011 St Gallen Consensus Conference to describe the paradigm for making treatment decisions in patients with EBC [9] . Luminal subtypes A and B are the most common subtypes of breast cancer in the clinically hormone receptor-positive population [10, 16, R17, R18] . LumA tumors, characterized by lower expression of genes associated with cell cycle activation and ERBB2 [R7, 15, R19] have significantly lower rates of recurrence (i.e. better prognosis) when compared with LumB, which can be quantified as a ROR score, as shown in prior PAM50 studies [12, 13, R14, 15, 16, R17-R19] .
The objective of this study was to demonstrate that the PAM50-derived ROR score is a reliable prognostic indicator for distant recurrence-free survival (DRFS) in hormone receptorpositive, postmenopausal ABCSG-8 patient population treated with adjuvant systemic endocrine therapy alone [20] in the form of 5 years of tamoxifen or 2 years of tamoxifen and 3 years of anastrozole (aromatase inhibitor) as currently recommended by today's standard of care [3, 20] . We hypothesize that the ROR score provides significant additional information to classical clinicopathological parameters in hormone receptor-positive, postmenopausal breast cancer patients, and that it is possible to define and discriminate between ROR-derived risk groups based on accurate estimation of the probability of DRFS at 10 years follow-up.
methods

ABCSG-8
The study cohort consists of FFPE breast tumor tissue samples retrospectively collected and archived in the ABCSG tumor bank from patients enrolled between 1996 and 2004 in the ABCSG-8 trial. Three thousand ninety-one women with estrogen and/or progesterone receptor-positive early breast cancer (EBC) were randomized before treatment to 2 years of adjuvant tamoxifen followed by 3 years of anastrozole (Arimidex®) or 5 years of adjuvant tamoxifen [R21].
collection, consent, and procedures
In accordance with a first estimation of available tissue specimens, a database for 2255 patients of the 3901 patients randomized to ABCSG-8 trial was generated. Data for patients samples that met the eligibility criteria for the original trial were only excluded either because tissue was unavailable for the multigene expression assay to be carried out or the patient could not be reconsented. One thousand six hundred twenty patient samples could be used for this study.
re-consent process
The Austrian Data Protection Law requires consent of patients for any analysis carried out on their stored tumor samples. This general rule does not apply for already deceased patients. In line with this legal background and the respective Ethics Committee approval, patients for whom tumor samples were already collected and centralized in ABCSG's research tumor bank during the course of the ABCSG-8 study or afterward were contacted by the responsible site coordinators and informed about this study in accordance to the ICH-GCP guidelines. An informed consent form approved by the respective Ethics Committee was signed by all participating patients. Only tumor samples of patients for whom a signed and dated informed consent form was available or already deceased were used for this study. The distribution of clinicopathological parameters in the original ABCSG-8 trial cohort is shown in supplementary Table S1, available at Annals of Oncology online.
PAM50 assay description and ROR score calculation PAM50 gene expression measurements were carried out on FFPE sections using the Nanostring nCounter device [R22, R23]. Methods followed prespecified and audited standard operating procedures within a CLIA-certified laboratory. Conversion of gene expression measurements into subtype and ROR scores used a fully prespecified algorithm, with risk categories (supplementary Table S2 , available at Annals of Oncology online) based on TransATAC data [15] . Researchers generating gene expression data were blinded to clinical data. Full details are provided in supplementary Methods, available at Annals of Oncology online.
study end points
The primary end point was DRFS, defined as the interval from randomization until distant recurrence or death due to breast cancer. Contralateral breast cancer, secondary malignancy and death due to causes other than breast cancer were treated as censoring events. Death due to breast cancer where a recurrence was not recorded was considered an event at the date of death. Cox proportional hazards models were used to assess the effects of individual prognostic factors, a combined linear predictor (clinical linear predictor, CLP), ROR score, ROR score-derived risk groups, and intrinsic subtypes; hazard ratios (HR) with 95% confidence intervals (95% CIs) were estimated.
statistical analysis
A two-sided α of 0.05 was used for all tests. All analyses were carried out by two independent statisticians in parallel using SAS version 9.3 and R version 2.15.2.
results
In accordance with a first estimation of potentially available tumor tissue samples, a database for 2255 patients of 3901 patients enrolled between 1996 and 2004 in the ABCSG-8 trial was generated (supplementary Figure S1 , available at Annals of Oncology online). Four hundred thirty-five of these patients had died during the treatment phase of ABCSG-8 trial or thereafter; for 414 of these patients, evaluable specimens were available. From 1241 patients who were still alive and signed the informed consent, 1206 tissue specimens were available. In total, 1620 (414 +1206) specimens were available for the analysis. 1478 specimens (91.2%) passed the prespecified PAM50 quality control standards and were included in the analyses. Among those which failed, 25 (1.5%) tissue blocks contained insufficient tumor on histology review, 73 (4.5%) yielded insufficient RNA for the assay, and 44 (2.7%) yielded extracted RNA that failed the quality specifications for the nCounter device.
The analysis population included 70% patients with T1-stage cancer and 71% patients with node-negative disease (supplementary Table S3 , available at Annals of Oncology online). Median age was 63 years (range: 41-79 years). The median follow-up was 11 years.
One hundred seventy-two DRFS events (distant recurrence or death from breast cancer) were recorded in 1478 patients. Seventeen of these were censored at the time of occurrence of a secondary malignancy before a DRFS event, resulting in 155 first DRFS events: the power to meet the primary study objective was >99%. Three hundred ninety-one (26%) patients died during the period of record, 99 (25% of all deaths) due to breast cancer. A summary and listing of the characteristics of patients who developed a DRFS event is given in supplementary Table S4 , available at Annals of Oncology online.
The prognostic value of standard clinicopathological factors was evaluated by a Cox proportional hazards regression model that showed a significant prognostic effect of tumor grade (G2/ GX versus G1; HR = 2.15, 95% CI 1.21-3.80; P = 0.009), tumor size (T2/T3 versus T1; HR = 2.33, 95% CI 1.68-3.22; P < 0.0001) and nodal status (N1 versus N0: HR = 1.78, 95% CI 1.27-2.49; P < 0.001; N2 versus N0: HR = 2.36, 95% CI 1.22-4.59; P = 0.011). No significant effect of age (≥65 versus < 65 years: HR = 1.27, 95% CI 0.92-1.75; P = .144) or trial treatment arm (tamoxifen/anastrozole versus tamoxifen only: HR = 0.98, 95% CI 0.71-1.34; P = 0.881) was observed. Schoenfeld residuals did not deviate from the proportional hazard assumption in this hormone receptor positive patient population. All these variables were used for the calculation of the CLP. The optimized combination of these clinicopathological variables into the CLP resulted in a highly prognostic score (HR = 2.72, 95% CI 2.13-3.47; P < 0.0001), as was reported for the Clinical Treatment Score (CTS) computed in a similar fashion in the TransATAC study [15] . The inclusion of progesterone receptor status into the model had no substantial effect on the CLP (HR = 2.72, 95% CI 2.18-3.40; P < 0.0001).
In spite of this already highly significant prognostic effect of CLP alone on DRFS, the addition of the ROR score provides a highly significant further increase in prognostic information (CLP: HR = 2.09, 95% CI 1.62-2.71, P < 0.0001; ROR: HR = 1.03, 95% CI 1.02-1.04, P < 0.0001;log-likelihood test: ΔLRχ 2 = 53.49; P < 0.0001; Table 1 ). The HR of the ROR score corresponds to an increase in the risk of relapse of 37.5% for a 10-point increase in the ROR score. The correlation between CLP and ROR is weak to moderate (Spearman's correlation coefficient: 0.32, P < 0.0001).
A highly significant increase in prognostic information is also achieved by adding risk groups derived from the ROR score to the CLP (CLP: HR = 1.85, 95% CI 1.41-2.43, P < 0.0001; intermediate versus low risk: HR = 2.15, 95% CI 1.21-3.81, P = 0.009; high versus low risk: HR = 4.26, 95%CI, 2.44-7.43, P < 0.0001; ΔLRχ 2 = 34.12; P < 0.0001). The 1478 patients are approximately equally distributed across the three ROR-based risk groups. The discrimination ability between ROR-based risk groups is obvious from the DRFS curves, with the high-and the low-risk The time-dependent ROC curve for 3-year DRFS markedly differs from a situation of no information represented by the 45°l ine (supplementary Figure S2 , available at Annals of Oncology online). The C-index of 0.72 (95% CI 0.68-0.76) indicates a significant correlation between DRFS times predicted by the ROR score and observed DRFS times. The C-index values for prespecified subgroups (stratified by nodal and HER2 status) all significantly differ from the random prediction value of 0.5 with markedly higher prognostic information for nodal-positive compared with nodal-negative patients (supplementary Table S5 , available at Annals of Oncology online). Additionally, a restricted C-index confined to patients whose ROR score differed only within 5-10 points revealed that there is prognostic information even in small ROR differences (all patients: Cindex = 0.58, 95% CI 0.57-0.60; supplementary Table S5 , available at Annals of Oncology online). C-index values obtained from CLP were always below the respective values based on the ROR score (supplementary Table S6 , available at Annals of Oncology online).
In all tested subgroups, the ROR score and the ROR-based risk groups significantly add prognostic information to the clinical predictor (Table 1 ). Among node-negative patients, the prespecified criteria assigned 47% to the low-risk group, 32% to the intermediate risk group, and 21% to the high-risk group (supplementary Figure S3A , available at Annals of Oncology online). In contrast, 63% of the nodal-positive patients fall into the highrisk category and only 3% into the low-risk group (supplementary Figure S3B , available at Annals of Oncology online). In the latter, no DRFS events occurred during the follow-up period. The same distributions among risk groups observed for all patients, node-negative and node-positive patients hold for the Her2-negative subgroups.
In addition to generating a ROR score, PAM50 assigns an intrinsic subtype to all cases based on the nearest centroid. As expected in a population that was hormone receptor positive by clinical testing, most cases fall into the LumA (1004, 67.9%) or LumB (418, 28.3%) categories. However, as seen previously [13] , PAM50 reclassifies a portion of cases into other subtypes, with 48 cases (3.3%) assigned as HER2E and 8 (0.5%) as basal-like (supplementary Table S1 , available at Annals of Oncology online). DRFS was significantly higher in LumA patients compared with LumB (HR = 2.85; 95% CI 2.04-4.00; P < 0.0001; Figure 2 ). LumA/LumB subtypes add a significant amount of additional prognostic information to CLP (ΔLRχ 2 = 24.42; P < 0.0001; supplementary Table S7 , available at Annals of Oncology online). This effect is also obvious in node-negative and node-positive subgroups.
The nodal-status specific ROR cutoffs used to define risk groups for node-positive and node-negative patients significantly discriminated between low-and high-risk groups at 10-year DRFS (Table 2) . The ROR at 10 years was expected to be <10% for the low-risk group and >20% for the high-risk group (supplementary Table S2 , available at Annals of Oncology online). However, although the probability of recurrence was significantly less than the predefined 10% in the low-risk group, probability of recurrence was not significantly >20% in the highrisk category for the end point of DRFS (in this relatively low- risk EBC patient population). Significant discrimination between low-and high-risk groups also occurred within all tested subgroups. Furthermore, the LumA cohort had a significantly lower ROR at 10 years compared with LumB.
discussion
In this large cohort of postmenopausal women with hormonereceptor-positive EBC and long-term follow-up, the PAM50-based ROR score accurately predicted the individual risk of distant recurrence. ROR-defined risk groups and intrinsic breast cancer subtype methods each demonstrate clinically meaningful differences with respect to 10-year risk of metastasis. This finding, in the largest clinical trial cohort where the fully prespecified PAM50 test classifier has yet been applied, is similar to what was observed on the ATAC cohort [15] , fulfilling the criteria presented by Simon et al. [28] for level 1 evidence from prospective-retrospective study designs. PAM50-defined ROR has previously been demonstrated to accurately predict ROR in tamoxifen-treated cohorts [13] as well as in the TransATAC cohort [15] . In the latter, PAM50 was shown to provide more prognostic information than the 21-gene-based RS (Oncotype-Dx 21) [1] . ABCSG-8 extends results to a somewhat different population and highly clinically relevant population, as this large adjuvant trial only included patients with low or intermediate grade tumors, none of whom received adjuvant chemotherapy. The population included represents a subpopulation of patients with luminal disease treated in the overall clinical routine. Although, due to the re-consent process, deceased patients are slightly overrepresented compared with the ABCSG-8 population, and hence DRFS may be overestimated, the study demonstrates the additional prognostic information obtained by the ROR score.
Several multigene expression assays have been developed to estimate the individual ROR of breast cancer patients, including Oncotype®, Endopredict®, and Mammaprint® [R29, R30, 31, 32, R33]. In contrast to Oncotype® and Mammaprint®, NanoString PAM50 can be carried out in any qualified pathology laboratory, eliminating the need for shipping tissue off site and consequent delays in turnaround time. The Nanostring PAM50 measures more genes than Oncotype or Endopredict®, providing subtype information as well as risk score, and does not require frozen tissue. All of these RNA-based methods share the advantage of measuring more genes than can be assessed by immunohistochemistry, in a more objective, reproducible, and robustly quantitative fashion. The comparison of validity and prognostic power between RNA-based methods and immunohistochemistry must be further investigated in the future. PAM50-based ROR adds significant prognostic information beyond classical clinicopathological disease characteristics, and this addition significantly increases the prognostic accuracy, of utmost importance in treatment situations where a patient deemed low risk may have treatments such as cytotoxic chemotherapy withheld.
One limitation of work is that we used (mainly for comparability reasons with TransATAC) a combination score of clinicopathological parameters (CLP)-such indices are always incomplete because they may not include all parameters used by physicians around the world to aid clinical decision-making. Thus, the comparative predictive assessment of multigene testing with, e.g. quantitative receptor content, progesterone receptor status, and lymphovascular invasion remains to be done. Also, we did not compare PAM50-based ROR scores with available online tools such as Adjuvant! Online or PREDICT.
The actual clinical benefit of multigene expression tests is often claimed and heavily discussed. The ultimate prospective test of predictive value is currently being carried out in huge trials such as TailoRx (NCT00310180) and MINDACT (NCT00433589), but is unrealistic and inefficient to repeat for the multitude of upcoming genomic test tools. For this reason, a stringent prospective-retrospective study design, repeated in two trials, provides an alternative route to obtain Level 1 evidence [28] . If a multigene expression test-as we demonstrate for PAM50-defined ROR-is consistently able to define a low-risk group with a 10-year metastasis risk of <3.5% in multiple trial populations, it is fair to say that it is highly unlikely that additional chemotherapy would be able to improve this outcome even numerically-not to mention the unfavorable harm/ benefit ratio with respect to treatment side-effects. We show that even among some node-positive breast cancers (who nowadays routinely receive adjuvant chemotherapy), we are able to identify patients who have a negligible risk of metastasis-if confirmed this would (and should) change clinical practice. Particularly in endocrine-responsive breast cancer patients with limited background risk [34, R35] , this could help avoid unwarranted systematic overtreatment [8] . Avoiding overtreatment is a reasonable way to save considerable health care spending [10] .
In summary, we demonstrate that the PAM50 ROR score provides additional prognostic information for DRFS over and above standard clinical variables, using all available patient samples in a large clinical trial cohort. In contrast to other assays currently available on the market, the NanoString PAM50 is designed to be carried out in local qualified hospital pathology laboratories and has been optimized to identify intrinsic breast cancer subtypes while generating a quantitative risk score. This ROR score has now been clinically validated and demonstrated to provide additional prognostic information beyond CTS and some other molecular tests [15, 36] . This added prognostic information should aid physicians in stratifying patients into distinct risk categories with different prognoses among node-negative and even node-positive patient populations, thereby aiding physicians in determining whether additional chemotherapy beyond endocrine therapy is required.
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